An experimental study of the preservation of cross-sets during the migration of current ripples under aggrading and non-aggrading conditions was conducted in order to test the modi®ed Paola±Borgman theory for distribution of cross-set thickness as a function of distribution of bed-wave height. In a series of¯ume experiments, the geometry and migration characteristics of the ripples did not vary systematically with aggradation rate and are comparable to other¯ume and river data. Mean cross-set thickness/mean formative bed-wave height is less than 0á4, and mean cross-set thickness/mean bed-wave height is less than 0á53. In the present experiments, the primary control of cross-set thickness is the variability of ripple height. Aggradation rate accounts for only 1±7% of the total cross-set thickness. A two-parameter gamma density function was ®tted to histograms of ripple height to determine the value of parameter a needed for the modi®ed Paola± Borgman model. This model underestimates cross-set thickness because of its assumption that bed-form height spreads evenly above and below the mean bed level, which is not the case in reality. Mean cross-set thickness is predicted quite well if the model constant is increased to 1á3.
INTRODUCTION
Sets of cross-strata (referred to as cross-sets in this paper) formed by migration of subaqueous ripples and dunes are very common in sands and sandstones. However, there is a lack of quantitative knowledge about the relationship between the geometry and migration characteristics of ripples and dunes and the cross-sets formed by them. Best & Bridge (1992) and Bridge & Best (1997) demonstrated experimentally that the preservation of laminae, formed by migration of low-relief bed forms over an upper-stage plane bed is dependent upon the mean aggradation rate and the sequence of bedforms of different height passing that point. Variation in bedform height is a result of variation of both scour depth and crest height of the bedform (Paola & Borgman, 1991) .
In the case of a train of bed forms of constant geometry and downstream migration rate under conditions of steady aggradation, the thickness of cross-strata sets, s, is given by:
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Ó 1999 International Association of Sedimentologists where l is the length (spacing) of bed waves, r is the mean aggradation rate, c is the downstream migration rate of bed waves (celerity) and d is the angle of climb relative to mean bed elevation. However, the geometry and migration rate of bed waves cannot be assumed constant, and Eq. (1) is not generally applicable. Paola & Borgman (1991) developed a theoretical equation for the probability density function of bed-wave heights that could be related to the probability density function of the cross-set thickness, p(s):
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Àas e Àas as À 1a1 À e Àas 2 2 where 1/a is the mean value of the exponential tail of the probability density function of topographic height relative to a datum, and a is inversely related to the breadth of the tail of the height distribution. Paola & Borgman (1991) assumed that no net deposition occurred and that individual bed-wave height did not change during migration. The mean value of s is 1á64493/a. In order to test the applicability of Eq. (2), it is necessary to measure distributions of cross-set thickness and bed-wave height at a speci®c location under conditions of no net aggradation. As explained by Paola & Borgman (1991) , when a is derived from bed-wave height data instead of scour depth relative to a datum, its value must be doubled before it is used in Eq. (2) to predict the distibution of cross-set thickness. Thus the mean set thickness, s m , will be 0á8225/a. Paola & Borgman (1991) pointed out that it is useful to ®t a two-parameter gamma density function to the measured distribution of bed-wave heights, h:
where a and b are parameters and G is the gamma function. This particular density function is useful because b 1/a h 2 sd /h m and a h 2 m / h 2 sd . Therefore, the expected mean cross-set thickness is:
Here h m and h sd are the mean and standard deviation of the bed-wave height distribution. Data required to test the Paola±Borgman theory are sparse. Best & Bridge (1992) and Bridge & Best (1997) measured time series of bed-wave height at a point for low-relief bedforms over an upperstage plane bed. This was done for non-aggrading as well as for aggrading conditions. They directly related each preserved lamina (equivalent to a cross-set) to a formative bed-wave. It was found that only the highest bed waves in the population leave a depositional record and that less than 50% of their heights were preserved as laminae (or cross-sets). Bridge & Best (1997) 
This modi®ed model agreed remarkably well with experimental data. Subsequently, Leclair et al. (1997) tested the applicability of Eq. (5) to subaqueous dunes. In their experiments, mean cross-set thickness was independent of aggradation rate and the primary control of set thickness was the variability of dune height. Leclair et al. (1997) showed that, for subaqueous dunes, the constant of 0á8225 from the modi®ed Paola± Borgman model (Eq. (5)) needs to be changed to approximately 1á5 in order to predict correct values of the mean cross-set thickness. The Paola±Borgman model is based on the assumption that the scour depth below the mean bed level is half the bedform height: this is why their constant value is 1á64493 when scour depth is used and 0á8225 when bedform height is used. In reality, troughs of large dunes occured at a lower elevation than expected. When Leclair et al. (1997) raised the reference datum (for measuring scour depth) from the mean bed level to the level of the crests of the highest dunes, cross-set thickness was fairly well predicted with a constant value of 1á64493. Since all bed forms in a distribution have to be considered, the constant value has to be somewhere between 0á8225 and 1á64493 when dune height is used (Leclair et al., 1997) . The assumption that the scour depth is half the bed-wave height is not valid for all bedforms (Bridge, 1997) .
This study, which is similar to that of Bridge & Best (1997) and Leclair et al. (1997) , focusses on the preservation of small-scale cross-strati®cation formed by current ripples. A comparison is made between observed cross-set thickness in epoxyresin peels, expected cross-set thickness from time series of ripple height, and predicted crossset thickness from the modi®ed Paola±Borgman model.
EXPERIMENTAL APPARATUS AND PROCEDURE
Experiments were conducted at the Department of Geological Sciences, Binghamton University, USA, using a hydraulic¯ume 7á6 m long, 0á6 m wide and 0á4 m deep that recirculates water and sediment ( Fig. 1) . A conveyor belt at the¯ume entrance allowed sediment to be added at different, accurately controlled feed rates. There was a time lag between the moment of sediment input and the actual start of bed aggradation in the test section. The sediment used was moderately wellsorted silica sand with a median diameter of 0á43 mm.
Four experiments were conducted with different aggradation rates (Table 1) . Flow conditions were similar for all experiments: water temperature ranged from 15 to 17°C,¯ow depths from 0á12 to 0á16 m, and the mean¯ow velocity was 0á31 to 0á34 m s
A1
. According to stability diagrams of Allen (1982) , Southard & Boguchwal (1990) and Van den Berg & Van Gelder (1993) , these¯ow and sediment conditions lead to the development of ripples. The correction factor for sidewall effects (according to Williams, 1970 ) is negligible, and was not applied here.
At the start of each experiment, the¯ume was set to produce the hydraulic conditions necessary for ripple development. The¯ume was allowed to run for a few hours without sediment feed to establish uniform equilibrium¯ow (equilibrium run time in Table 1 ). During the experiments, mean¯ow velocity was checked constantly using a Marsh±McBirney electomagnetic current meter with a 12 mm diameter sensor (details in Best & Bridge, 1992) . From time to time, water was added to the¯ume to replace the water lost in pore spaces of deposited sediment. When necessary, the¯ume pump setting was changed to ensure a constant mean¯ow velocity in the test section.
Bed height was measured at 5 s intervals at the channel centreline of the test section, using an ultrasonic depth pro®ler (details in Best & Ashworth, 1994) . These bed-height records allowed measurement of the height and scour depths of all bedforms passing under the bed pro®ler, plus the rate of aggradation. Ripple height was de®ned as the difference in elevation between the highest part of the ripple (crest) and the nearest scour in the downstream direction. This de®nition of ripple height was chosen because the brink of the ripple was not always the highest part of the ripple. Under certain conditions, the ultrasonic depth pro®ler gave re¯ections from the base of thē ume rather than the sediment surface. Such clearly erroneous data points were removed prior to de®nition of ripple height.
Visual observations during each run were used to identify speci®c ripples in the bed-height time series, allowing migrating spurs to be distinguished from ripples, and determination of the ripple length, celerity and ripple shape in plan and pro®le. Both length and celerity were measured at the channel centreline of the test section. Photographs were taken through the side walls of the¯ume (Fig. 2) . Ripple length was determined at the moment that the ripple brink was under the pro®ler. We de®ned the length as the distance between the brink of the ripple under the depth pro®ler and the brink of the next ripple upstream. Ripple celerity was calculated over a 0á1 m interval upstream of the bed pro®ler. Ripple celerity within this distance was rarely constant. Occasionally, a new ripple would develop in the area between two adjacent ripples or a ripple would disappear before reaching the pro®ler. Therefore, de®nition of both ripple lengths and celerities was sometimes dif®cult. Inevitable but small measurement errors decreased accuracy further.
At the end of each run, the¯ow was stopped, and the¯ume was drained slowly. Box cores (200´150´80 mm) were taken from the test section and epoxy-resin peels were made from the cores (Fig. 3) . Cross-set thicknesses were measured on the epoxy-resin peels for all four runs, on a vertical section taken at a point immediately under the bed pro®ler (Fig. 3A) , so observed mean cross-set thickness could be computed. By comparing the vertical sequence of the cross-sets beneath the pro®ler with the time series of bed height (speci®cally scour depth), each individual cross-set could be related to the formative ripple (Fig. 6) . Finally, the distributions of the cross-set thicknesses from both the epoxy-resin peels and the time series could be compared with the values predicted by the modi®ed Paola±Borgman (1991) theory.
RESULTS AND ANALYSIS

Visual observations of ripple geometry and migration
Ripples observed during the experiments had a large variability in geometry. The plan shape of the ripple crests varied from straight to sinuous and linguoid in both time and space. Flowparallel spurs occurred commonly in trough areas. According to Baas (1994) and Baas et al. (1993) linguoid ripples will develop if suf®cient time is given for the formation of equilibrium bed forms. Although the input of sediment to thē ume in our experiments caused non-equilibrium conditions, the linguoid ripples in the test section (Fig. 4) suggest they are close to, if not at, equilibrium state. Occasionally, lunate ripples developed, which according to Allen (1982) are a result of a shortage in sediment availability. An absolute shortage of sediment supply did not occur in the¯ume. A relative shortage, caused by the in¯uence of a subsequent or foregoing ripple, might be the reason.
Analysis of time series of bed height The aggradation rate in the test section was fairly constant, and was de®ned by ®tting a straight line, using least squares regression, through the parts of the bed-height records where aggradation was proceeding. For runs 2 and 4, the beginning of aggrading conditions was de®ned by the intersection between the mean of the nonaggrading part of the bed-height record and the straight line ®tted through the aggrading part. For run 3, the start of aggradation was de®ned visually at 12 500 s (Fig. 5) . Run 1 is a nonaggradational run. Fig. 6 shows the time series of run 4. The sequences of successively higher and lower ripple crests and scours (Fig. 6 ) are interpreted as bars, which are likely to occur in channels (Yalin, 1992) . These larger bedforms are only detected in the time series and their periods range from 3000 to over 10 000 s. During their ume experiments with heterogeneous sediment, Bennett & Bridge (1995) also observed low-relief bars in their time series, with periods comparable to those of our larger bed forms. However, the visualization of the bars (hence the description of their geometry and migration rate) is completely hampered by the migration of the superimposed ripples. Paola and Borgman's theory only applies to a single type of bedform and not to superimposed bedforms. In this study, only ripples are considered. 
Ripple characteristics
Mean observed ripple length increases from 133á0 to 201á3 mm with increasing aggradation rate ( Table 2) . Mean ripple height and celerity range from 16á6 and 20á6 mm and between 0á33 and 1á00 mm s A1 , respectively. Both parameters seem independent of aggradation rate (Table 2) . Baas (1993) determined an empirical relation between median grain size, D 50 , and equilibrium ripple length, l: l 75Á4logD 50 197 6
where l and D 50 are both given in millimeters. Eq. (6) predicts an equilibrium ripple length of 169 mm for D 50 0á43 mm, which is close to the values observed in the present study (Table 2) . Raudkivi (1997) proposed another empirical relation to estimate the ripple length:
According to this equation the mean ripple length would be 168 mm, also very close to the observed values. Flemming (1988) derived an empirical relation between mean ripple length and ripple height based on a large dataset:
where h m is the mean ripple height (m) and l is the mean ripple length (m). This equation predicts mean ripple height for runs 2, 3 and 4 that are very close to the observed values (Table 2) . The ratio of mean height/mean length of ripples ranges from 0á09 to 0á15 (Table 2 ), but shows no relation with aggradation rate. These ratios are comparable to those given by Allen (1968, p. 70; 1982, p. 315) , Yalin (1992, p. 99) and in Table 3 of Baas (1994) .
Theoretical distribution of ripple height
The two-parameter gamma density function (Eq. (3)) was ®tted to the histograms of ripple height in order to determine the value of a in Eqs (2) and (5). For each run, we de®ned different class intervals for the histograms and used leastsquares minimization techniques for ®tting (Powell, Marquadt±Levenberg and Simplex; details in Press et al., 1986) . Although the ®tting techniques usually gave similar results, the Powell method was not always successful and the Marquadt± Levenberg method gave higher variability in the ®tted parameters as class interval was varied. Therefore the Simplex method was used in all cases. Fig. 7 shows that the ripple-height data are described well by the gamma density function. Correlation coef®cients associated with the ®tted curves are between 0á65 and 0á97. The values of the parameters of the ®tted gamma density function are critically dependent on the shape of the exponential tail of the distribution, which in turn depends on the number of class intervals used to de®ne the histograms. The tail of the distribution is better described using more class intervals although the correlation is worse, and vice versa. Thus, the highest correlation coef®-cient for the ®tted gamma density function does not always imply the best description of the ripple-height data. The variation in parameter a for different class intervals is small (Table 3) . Table 2 shows that the initial a value (h m /h 2 sd ) for run 3 is comparable with the initial a values for runs 1, 2 and 4. However, after ®tting the gamma density function to the histograms of ripple height, the a value of run 3 appears to be relatively low compared with runs 1, 2 and 4. This may be due to the limited number of ripples for run 3 (n 22).
Values of a for ripples in this study are typically 0á1±0á2 mm A1 . Values of a for low-relief bedforms range from 0á26 to 0á41 mm A1 (Bridge & Best, 1997; Bridge, 1997 ) whereas values of a for dunes average 0á1 mm A1 (Leclair et al., 1997; Bridge, 1997) . The largest bedforms (dunes) give rise to the lowest values of a. There is no systematic variation of a value from the gamma probability density function with aggradation rate for ripples (Table 3) , as was also the case for low-relief bedforms on upper-stage plane beds (Bridge & Best, 1997) and dunes (Leclair et al., 1997) .
Ripple preservation and cross-set thickness
Along-stream and cross-stream variations in cross-set thickness are shown in Fig. 3 . Alongstream variations are due to changes in elevations of troughs as ripples migrate downstream. The expected cross-set thickness in the deposit under the bed pro®ler is given by the difference between the successive elevations of deepest trough scours (Fig. 6) . The expected and observed cross-set thicknesses are usually in good agreement (Fig. 6, Table 3 ). However, very thin cross-sets could not be observed in the peels. In run 3, for example, eight sets were expected from the pro®ler record but only seven were observed in the peel because the expected thickness (0á4 mm) of this missing cross-set equals the median grain size. Consequently, the mean observed cross-set thickness for run 3 will be larger than expected (Table 3) .
Also, run 4 shows 15 observed cross-sets whereas the time series indicates that there should be only 13 (Fig. 6, Table 3 ). As a result, the mean observed set thickness will be smaller than expected (Table 3) . On the peels, intraset structures (Fig. 6 ) may be misleading if they are interpreted as individual cross-sets. Such features within sets may be formed by the bottom sets of large ripples, or by changes in the celerity of ripples while they migrate, but they cannot be interpreted clearly without more detailed quantitative data. Unfortunately, discrepencies between observed and true cross-set thicknesses could happen in the ®eld, when one is making paleohydraulic interpretations, but our results show that these errors are relatively small (Table 3) .
We cannot state that there is a systematic increase in cross-set thickness with aggradation rate, since the mean cross-set thickness value for run 1 ranges between the values for runs 2 and 3. However, the mean cross-set thickness for runs 2, 3 and 4 actually increases with aggradation rate (Table 3) . In these aggrading runs, aggradation rate is a minor control of cross-set thickness since it accounts for only 1±7% of the total cross-set thickness (lr/c in Eq. (5), lr/c 0á09±0á69 mm in Table 3 ). The primary control of cross-set thickness is the variability of ripple height, which is responsible for approximately 7±8 mm of the mean cross-set thickness in the present experiments (Table 3: expected mean cross-set thickness ± lr/c). Since mean ripple height ranges from 16á6 to 20á6 mm (Table 3) , we would need aggradation rates at least an order of magnitude higher than the maximum rate used in our experiments to produce supercritical climbing-ripple crosssets. Considering the mean¯ow velocities for all runs (Table 1 ), higher aggradation rates than Predicted mean set thickness/observed mean set thickness 0á55±0á65 0á54±0á56 0á87±1á23 0á70±0á90
Predicted mean set thickness (mm) using the modi®ed constant of 1á3 6á8±8á1 6á0±6á3 13á6±19á2 8á8±11á5
Modi®ed predicted mean set thickness/expected mean set thickness 0á83±0á99 0á82±0á86 1á64±2á31 0á92±1á20
Modi®ed predicted mean set thickness/observed mean set thickness 0á87±1á04 0á85±0á89 1á35±1á90 1á06±1á39
Preservation of cross-sets 197 those used would have exceeded the transport capacity of the¯ow. However, it seems that the preservation of cross-sets due to the migration of ripples may be more sensitive to aggradation rates than it is for dunes: the mean thickness of crosssets formed by dunes under aggradation rates of approximately 0á013 mm s A1 is about the same as for lower rates. As the value of a decreases with bed-wave height (Bridge, 1997) , the relative importance of the variability of bed-wave height may increase as the mean bed-wave height increases.
The mean height of formative ripples increases with aggradation rate (Table 3) . As a result, the ratio of mean cross-set thickness/mean formative ripple height, varying between 0á28 and 0á39 (Table 3) , seems to be independent of aggradation rate. This indicates that there is no evidence for a higher preservation potential of cross-sets from small ripples with increasing aggradation rates. The mean cross-set thickness/mean formative ripple height ratio for dunes varies between 0á18 and 0á3, and shows a weak relation with aggradation rate (Leclair et al., 1997) , whereas for upper-stage plane beds this ratio clearly increases from 0á11 to 0á25 with increasing aggradation rates (Bridge & Best, 1997) . Fig. 8 shows that, for ripples from all four runs, the value of cross-set thickness/formative ripple height in some cases exceeds 0á5. This high value can be explained by the presence of bars. The ripples that are on the leading edge of the bar will have a high chance of preservation and a high cross-set thickness/formative ripple height ratio since the following ripples will have a higher elevation (Fig. 6) . A ripple that is superimposed on the stoss-side of a bar will have a low chance of preservation and a low cross-set thickness/ formative ripple height ratio. Fig. 6 shows that most ripples that were preserved during run 4 were indeed superimposed on the lee side of a bar. Fig. 6 also shows that the¯ume was stopped while the highest part of a bar was located under the bed pro®ler. This explains the preservation of small ripples during the last 3000 s of the run. Bridge & Best (1997) and Leclair et al. (1997) found that in most cases, only the highest bed waves in the population left a depositional record. In this study, as a result of the bars, the smaller ripples have a relatively high preservation potential. The mean cross-set thickness/ mean ripple height ratio is always larger than the mean cross-set thickness/formative ripple height ratio because the mean height of the formative ripples (Table 3) is larger than the overall mean ripple height ( Table 2) .
Comparison of observed cross-set thickness with theory
An initial simple method of establishing whether the distribution of cross-set thicknesses follows Eq. (2) is to compare the coef®cient of variation (h sd /h m ) for the non-aggrading case with the theoretical value of 0á881 (see Paola & Borgman, 1991) . Both the values for expected cross-sets (0á71) and for observed cross-sets (0á98) are reasonably close to the theory. The total range of a values, determined by ®tting the probability density function to histograms with different class intervals, were used to predict the set thickness (Table 3) . Table 3 shows the ratios of predicted mean set thickness/expected mean set thickness and predicted mean set thickness/observed mean set thickness, with the predicted set thicknesses calculated using Paola and Borgman's constant of 0á8225. The ratios show no clear relationship with aggradation rate, but they all (except run 3) indicate an underestimation for the predicted set thickness. For ripples, Fig. 5 shows that the scour depth below mean bed level is frequently more than half the ripple height, and for this reason (Bridge, 1997) , Paola and Borgman's`constant' needs to be increased. The arithmetic mean of the predicted mean set thickness/expected mean set thickness ratios for runs 1, 2 and 4 is about 0á60 (Table 3) . Run 3 was not considered in these calculations because the number of ripples (n 22) in this run was too low to be statistically signi®cant. The arithmetic mean of the predicted mean set thickness/observed mean set thickness ratios for the same runs is 0á65. Since all ratios are fairly consistent and close to 0á63, it is possible to adjust the Paola and Borgman constant to 1á3 (0á8225/0á63). This new constant is used to recalculate the predicted set thickness (Table 3) . Further research is needed in order to test the modi®ed Paola±Borgman model over different ow and depositional conditions.
CONCLUSIONS
1 Ripple geometry and migration characteristics are similar to those described by other authors, and do not vary systematically with aggradation rate. 2 Parameter a was found to vary between about 0á1 and 0á2 mm ±1 by ®tting two-parameter gamma density functions to histograms of ripple height. 3 Most cross-sets were formed by ripples that were superimposed on the leeside of bars. Mean cross-set thickness/mean formative ripple height ranges from 0á28 to 0á39. There is no systematic increase in cross-set thickness with aggradation rate because the primary control of set thickness is the variability of ripple height and not aggradation rate. 4 Mean cross-set thickness is predicted rather well by the modi®ed Paola±Borgman theory if the model parameter of 0á8225 is replaced by 1á3.
